The hairpin loop structure and the downstream spacer element of histone mRNA precursors are both needed for efficient 3' end formation in vivo and in vitro. Though generally considered as a single processing signal, these two motifs are involved in different types of interaction with the processing machinery. Whereas RNA duplex formation between the downstream spacer element and the U7 small nuclear RNA is essential for processing, we show here that base pairing between the histone stem-oop structure and the U7 RNA is not relevant. Our experiments demonstrate that a processing factor other than the U7 RNA makes contact with the highly conserved hairpin structure of the histone precursor. The recognition of the target site by the processing factor is structure and sequence specific. Prevention of this interaction results in an 80% decrease of3' cleavage efficiency in vitro. The hairpin binding factor is Sm-precipitable and can be partially separated from the U7 small nuclear ribonucleoprotein particle on a Mono Q column.
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There are many cases where RNA hairpins mediate control of gene expression. In prokaryotes, stem-loop structures are involved in attenuation (1), transcription termination (1), rRNA processing (2) , mRNA turnover (3), retroregulation (3) , and translational regulation (4) . Their role in ribosome assembly has also been demonstrated (5) .
In eukaryotes, hairpin structures have been shown to mediate 3' end formation (6, 7) , the regulation (8) or stability (9) of histone mRNAs, the iron response of ferritin (10) and transferrin receptor (11) biosynthesis, as well as modulation of translation (12) . A possible role of a folded structure at the trans-esterification active site in self-splicing (13) , in recognition events (14) , or in determining the amount ofalternative splicing (15) has been suggested. Finally, reports have emphasized the role of stem-loop structures in small nuclear ribonucleoprotein particle (snRNP) assembly (16, 17) .
In some cases, the hairpin structure, rather than the primary sequence perse, seems to be of major importance for function. In bacterial attenuation, for instance, synthetic terminator hairpins are able to promote transcription termination irrespective of their primary sequence (18) . In general increasing stability of the stem-loop structure correlates positively with the efficiency of transcription termination (1) although some mutations do not follow this rule. The primary sequence of the sea urchin U7 small nuclear RNA (snRNA) hairpin, but not its structure, can be extensively modified without affecting the assembly into an Sm-precipitable particle or the processing function of the reconstituted U7 snRNP (17) .
A second class of stem-loop structures comprises those hairpins that have in common a requirement for specific sequences. In this case, the loop sequences and, sometimes, protruding unpaired nucleotides in the stem are a feature essential for function. Here, the primary sequence ofthe stem does not seem to be required for recognition, as exemplified by the interaction between the R17 coat protein and its palindromic binding site (19) . Although the protein-RNA interaction has not been directly investigated, a similar situation probably holds for the binding site of the Li ribosomal protein (20) , for the iron-responsive element of ferritin and transferrin receptor mRNAs (11) , and for the sequence within the human immunodeficiency virus tar site (21) .
We have undertaken a detailed analysis of the highly conserved terminal stem-loop structure of histone mRNA precursors (pre-mRNA). We show that in contrast to the hairpins above, the histone stem-loop must retain not only its structure but also its overall primary sequence for efficient 3' processing. We further suggest that the hairpin structure is not involved in Watson-Crick type base pairing with the U7 snRNA, as considered possible (22) , but makes contact to another processing factor. This factor is Sm-precipitable and, upon fractionation of nuclear extract, is present in a fraction lacking the U7 snRNP and the heat-labile factor previously shown to promote 3' processing of histone pre-mRNAs (for review, see refs. 6 and 7).
MATERIALS AND METHODS
Multistep Mutagenesis, Microi'Jection, and Mutant Analysis. H3 histone mutants were generated by BAL-31 deletion from a restriction site on the 3' side of the hairpin structure to the first dinucleotide of the stem (GG) resulting in the formation ofa "left arm" of the H3 gene. A similar procedure resulted in the formation of a "right arm" starting with the last stem dinucleotide (CC). Ligating oligonucleotides in between the left and right arms of the H3 gene resulted in the mutants depicted in Fig. 2A . Sea urchin microinjections (23) and RNA analysis were carried out essentially as described (24) .
In Vitro Processing, Processing Substrates, and Competitor RNAs. Preparation of nuclear extracts (25) , SP6 transcription (26) , in vitro pre-mRNA processing (27) , and depletion of Sm-type snRNPs in nuclear extract (28) were performed as described (27, 29 To~~+0-*read 0 through RESULTS 3' Processing in Sea Urchin Embryos Injected with Cloned Histone Genes. In early experiments, it was shown that deletion of the terminal hairpin of sea urchin H2A precursors results in a processing deficiency in the frog oocyte (31) . A possible interpretation was that hairpin deletion prevents essential RNARNA contacts in the hypothetical processing complex between the U7 snRNA and the histone pre-mRNA (ref. 22 and Fig. 1 ). We investigated this hypothesis by introducing base changes into the stem-loop structure of the sea urchin Psammechinus miliaris H3 early histone gene in such a way that the capacity of the mutant transcripts to base pair with the U7 snRNA was severely reduced ( Fig. 2A , potential base pairings are marked with an open circle). The mutants were tested in vivo by microinjection into sea urchin eggs of a closely related species, Paracentrotus lividus (23) . At early blastula, total RNA was extracted, the 3' end of the different mutants was analyzed by SP6 mapping, and the injection efficiency was standardized by comparison to the
Base complementarity between the 3' region of the histone pre-mRNA and the U7 snRNA. The hypothetical RNA duplex between the histone hairpin structure and the U7 snRNA has an estimated free energy (32) of -11 kcal in sea urchin and -7 kcal in mouse (1 cal = 4.184 J). The two histone conserved elements are boxed and the hairpin loop is marked by inverted arrows. The mature 3' end of the histone mRNA is designated by an arrowhead. (27) , so that the amounts of processed RNA should be a bona fide measure of the actual processing rate, allowing us to comprehend the finer details of the reaction. 3' Processing in Vitro. SP6 polymerase-generated transcripts from H4 mouse histone constructs with various mutations or a deletion of the 3' region (Fig. 3A) were processed in vitro in a nuclear extract from mouse hybridoma cells as described (27) . The reaction products were analyzed on polyacrylamide gels and the processing efficiency was quantified. Depending on the experiment, 50-60% ofthe wild-type input RNA was processed (Fig. 3B, We first investigated the importance of the highly conserved hairpin nucleotides (34) . Providing a template with a false palindrome (referred to as the falsepal mutant, see Fig.  3A ) that maintains only two potential contact sites with the U7 snRNA allows processing of the precursor at 17-22% of the wild-type activity (Fig. 3B, compare lanes 2 and 5) . Thus, as in the sea urchin injection experiments described above, extensive base complementarity between the U7 snRNA and the histone hairpin cannot be said to be an absolutely essential element for 3' processing. This is supported by the finding that some processing (5-10%6) is possible in vitro even when the histone hairpin structure has been deleted (compare lane 7 to the control lane 9; ref. 30 ).
In the openpal construct (Fig. 3A) , 10 out of 12 nucleotides capable of base pairing with the U7 snRNA have been preserved, but two base alterations in the stem result in a sequence that cannot be folded into a stem-loop structure. Despite the presentation of most of the potential contact sites in a readily accessible linear form, processing of this precursor RNA is reduced by a factor of 5 (Fig. 3B, lane 6) . Hence it appears that both in vivo (35) and in vitro (this paper) presentation of the wild-type sequences in a stem-loop configuration is required for maximal efficiency of 3' processing, whereas deletion, mutation, or linearization of the hairpin reduces processing to 5-20% of the control value.
We designed the fstemlwtloop mutant (Fig. 3A) 3' processing at a level of about 40%o (Fig. 3B, lane 4) of the control value suggesting that the wild-type primary sequence of the stem is important for maximal rate of 3' processing (see below). However, it should be noted that the requirement for wild-type stem sequences is not absolute because hairpin revertants (see figure 1 of ref. 35 ) with four stem nucleotides altered yield mature RNA in the frog oocyte system (35) .
All the processed mutant RNAs migrate differently relative to the processed wild-type RNA. However, it was shown by the pCp-tagging approach (27) that all mutants produce mature RNA species with genuine 3' ends (A.P.V. and M.L.B., unpublished results). Similar aberrant migration of RNAs has also been reported and results probably from differential destabilization of RNA secondary structure during electrophoresis (36) .
Competition Experiments. Since all alterations of the histone hairpin lead to some reduction of processing, it is not possible to rule out from the above experiments that base complementarity may play a minor role in 3' processing.
However, the hairpin nucleotides could interact with a processing factor by mechanisms that do not involve RNA-RNA duplex formation. The strict conservation of the stem-loop nucleotides (34) (Fig. 4 B and C). Some processing component accounting for 80%o of the processing rate is apparently being preempted by the addition of the wtpal compRNA. That this competition is sequence specific and pertains to the hairpin structure can be concluded from the inability of a competitor RNA with a different palindrome sequence (i.e., falsepal compRNA; see Fig. 4C ) to reduce processing. The downstream spacer element alone is a competitor at high input (Fig. 4C) whereas the complete wild-type RNA (having both the conserved stem-oop and the downstream spacer motif) reduces processing to levels close to zero, even at relatively low molar excess (Fig. 4 A and C) . This more effective competition of the complete wild-type competitor RNA as compared to that of either conserved motif alone is consistent with the concept that both elements cooperate in directing histone 3' end formation (6, 7).
As seen in Fig. 3B , the mutant falsepal pre-mRNA is a poor processing substrate (17-22% of wild type). From the above results it appears possible that the processing rate for this mutant is reduced to -20%6 because this pre-mRNA is not capable of binding the HBF due to the mutation of its target sequence. Ifthis is the case, processing ofthe labeled falsepal pre-mRNA substrate should be insensitive to competition with a vast excess of wtpal compRNA that is presumed to bind the HBF. As shown in Fig. 4C , this is indeed what is observed. Thus these experiments suggest that the residual 20% of the processing activity can be attained either by preempting the HBF with excess of wtpal compRNA or by alterations in the stem-loop sequence that prevent binding of the HBF to its target site.
Interestingly, when the labeled wild-type processing substrate is challenged by an excess of fstem/wtloop compRNA, no inhibition can be observed (Fig. 4C) . Apparently, more than just the loop sequence is required for efficient recognition by the HBF; rather the stem nucleotides of the wild-type hairpin appear to play a role during 3' processing, perhaps by providing necessary contact points for the presumptive HBF.
Rescue Experiments. If the competition experiments reflect the sequestration or preemption of a factor that can then no longer bind to the reporter substrate, one should be able to restore processing by adding back HBF-containing fractions to the preempted processing extract and use this rescue experiment to characterize the relevant component(s) in a preliminary way. When additional untreated nuclear extract is added to the preempted extracts, processing is restored to near normal levels, as expected (Fig. 5A, lane 4) . Addition of the cytoplasmic supernatant (S100 fraction) has no effect (lane 11), suggesting that the HBF is a nuclear factor. Since the histone hairpin is known to mediate regulation of the replication variant mRNA pools (37, 38) and since the heatlabile factor (29) may play a role in this regulatory circuit (39), we wanted to know whether the HBF and the heat-labile factor were one and the same. This appears not to be the case because nuclear extracts preheated to 50'C for 15 min [a procedure that completely inactivates the heat-labile factor but leaves the snRNPs apparently unaffected (29) (22) .
The present report focuses on the molecular mechanisms mediated by the evolutionary highly conserved hairpin structure (34) that is included in both histone pre-mRNA and the mature mRNA.
Our competition and rescue experiments suggest that the hairpin loop provides another anchor point for the processing machinery. Indeed, a HBF appears to specifically recognize the histone stem-loop structure. The interaction between the inferred HBF and its RNA target is of major importance since it contributes to as much as 80% of the processing efficiency under the in vitro experimental conditions used. Apparently, the binding of the HBF to the histone pre-mRNA can be interfered with in one of several ways: addition of a wild-type hairpin competitor RNA, changes in the primary sequence, or linearization or deletion of the HBF target site. We hypothesize that in all these cases the processing apparatus is stalled by blockage of the ability of HBF to make contacts with the histone hairpin and this results in a loss of 80-95% of processing rate, the residual processing activity being presumably directed, in the main, by the downstream spacer element.
The question remains unanswered whether the HBF is a free entity or whether under physiological conditions it is part of the U7 snRNP. The slightly different chromatographic behavior of the HBF and U7 snRNP on a Mono Q column leads to a partial separation of these two activities (although this could be a consequence of dissociation due to salt concentration); thus HBF as a distinct entity, free from U7 snRNP, can be recovered. Since an Sm-depleted nuclear extract cannot complement preempted extracts, we suggest that the HBF carries an Sm determinant. Mowry and Steitz (41) have described a non-snRNP factor binding upstream of the mouse H3 precursor processing site. This factor, present in a fraction that contains proteins between 100 and 500 kDa but does not contain (most of the) snRNPs and is anti-Sm reactive, and its binding is insensitive to prior micrococcal nuclease treatment (41). We do not know at present whether the HBF described here and their non-snRNP factor are identical.
The HBF could also be a U7 snRNP protein or a factor associated with this particle. In this context, it is noteworthy that in sea urchin and mouse, both histone and U7 snRNA hairpins are brought in exactjuxtaposition when RNA duplex formation between the downstream spacer motif and the U7 snRNA has occurred, even though the length of the small RNAs are quite divergent (22, 30, 42) . This strict topological relationship also brings the Sm-binding site of the U7 snRNP in close proximity to the hairpin of the histone pre-mRNA (for illustration, see refs. 7 and 42). There is no evidence at the moment that one of the Sm proteins of U7 snRNP is the same as the HBF we have detected. However, there are precedents for snRNP proteins mediating substrate binding. For instance, a micrococcal nuclease-treated (inactive) RNase P retains its capacity to bind tRNA precursors, suggesting an important role of a protein component (43) . Moreover, the 5' splice site selection seems to also require U1 snRNP proteins (44, 45) , the intron binding protein appears to be U5-associated (46, 47) , and the 64-kDa protein that recognizes the AAUAAA sequence (48) could be sn-RNP-associated as well (49) . Clearly, further characterization of the HBF is needed and will provide insights into the exact mechanism of the processing reaction.
